Constructing locally repairable codes achieving Singleton-type bound (we call them optimal codes in this paper) is a challenging task and has attracted great attention in the last few years. Tamo and Barg first gave a breakthrough result in this topic by cleverly considering subcodes of Reed-Solomon codes. Thus, q-ary optimal locally repairable codes from subcodes of Reed-Solomon codes given by Tamo and Barg have length upper bounded by q. Recently, it was shown through extension of construction by Tamo and Barg that length of q-ary optimal locally repairable codes can be q + 1 by Jin et al.. Surprisingly it was shown by Barg et al. that, unlike classical MDS codes, q-ary optimal locally repairable codes could have length bigger than q +1. Thus, it becomes an interesting and challenging problem to construct q-ary optimal locally repairable codes of length bigger than q +1. In this paper, we make use of rich algebraic structures of elliptic curves to construct a family of q-ary optimal locally repairable codes of length up to q +2 √ q. It turns out that locality of our codes can be as big as 23 and distance can be linear in length.
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I. INTRODUCTION
B ECAUSE of recent applications to distributed storage systems, people have introduced a new class of block codes, i.e, locally repairable codes and they have attracted great attention of researchers [1] , [3] - [5] , [9] - [11] , [14] , [15] . A locally repairable code is just a block code with an additional parameter called locality. For a locally repairable code C of length n with k information symbols and locality r (see the definition of locally repairable codes in Section II-A), it was proved in [4] that the minimum distance d(C) of C is upper bounded by
The bound (1) is called the Singleton-type bound for locally repairable codes and was proved by extending the arguments in the proof of the classical Singleton bound on codes. In this paper, we refer an optimal locally repairable code to a block code achieving the bound (1) .
A. Known Results
Construction of optimal locally repairable codes, i.e., block codes achieving the bound (1) is of both theoretical interest and practical importance. This is a challenging task and has attracted great attention in the last few years. In literature, there are a few constructions available and some classes of optimal locally repairable codes are known. A class of codes constructed earlier and known as pyramid codes [6] are shown to be codes that are optimal. In [11] , Silberstein et al. proposed a two-level construction based on the Gabidulin codes combined with a single parity-check (r + 1, r ) code. Another construction [15] used two layers of MDS codes, a Reed-Solomon code and a special (r + 1, r ) MDS code. A common shortcoming of these constructions relates to the size of the code alphabet which in all the papers is an exponential function of the code length, complicating the implementation. There was an earlier construction of optimal locally repairable codes given in [10] with alphabet size comparable to code length. However, the construction in [10] only produces a specific value of the length n, i.e., n = k r (r + 1). Thus, the rate of the code is very close to 1. There are also some existence results given in [10] and [14] with less restriction on locality r . But both results require large alphabet which is an exponential function of the code length.
A recent breakthrough construction was given in [14] . This construction naturally generalizes Reed-Solomon construction which relies on the alphabet of cardinality comparable to the code length n. The idea behind the construction is very nice. The only shortcoming of this construction is restriction on locality r . Namely, r +1 must be a divisor of either q −1 or q, or r + 1 is equal to a product of a divisor of q − 1 and a divisor of q for certain q, where q is the code alphabet. This construction was extended via automorphism group of rational function fields by Jin et al. [7] and it turns out that there are more flexibility on locality and the code length can be q + 1.
Based on the classical MDS conjecture, one should wonder if q-ary optimal locally repairable codes can have length 0018-9448 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
bigger than q + 1. Surprisingly, it was shown in [2] that there exist q-ary optimal locally repairable codes of length exceeding q + 1. Although only few q-ary optimal locally repairable codes with length bigger than q + 1 were produced in [2] , it paves a road for people to continue search for such codes.
B. Our Main Results
In this paper, we make use of rich algebraic structures of elliptic curves over a finite field to construct q-ary optimal locally repairable codes with length bigger than q + 1. More precisely speaking, we take a subgroup G of the automorphism group Aut(E/F q ) of an elliptic curve E over a finite field F q , then consider the subfield F of the elliptic function field F q (E) whose elements are fixed by G. By carefully choosing functions from both F and F q (E) and mixing them together, we can define a subcode of an algebraic geometry code by taking these function as evaluation functions. It can be shown that this subcode is an optimal locally repairable code. As an elliptic curve over F q has more than q +1 points and the length of the code is almost equal to the number of points, thus we obtain a q-ary optimal locally repairable code of length bigger than q +1. Our main result of this paper is summarized below.
Theorem 1: Let q = p a for a prime p and an even number a > 0. If p = 3 or p ≡ 2 (mod 3), then there exists an optimal q-ary [n = 3, k = 2t
. Theorem 2: Let q = p a for a prime p and an even number a > 0. Then there exists an optimal q-ary [n = (r + 1), k = r (t − 1) + 1, d = n − (t − 1)(r + 1)] locally repairable code with locality r for any integers t and satisfying 1 t < q+2
√ q−r−2 r+1 if p and r satisfy one of the followings. (i) r = 3, p = 2 or p ≡ 3 (mod 4). (ii) r = 5, p = 3 or p ≡ 2 (mod 3). (iii) r = 7, p = 2. (iv) r = 11, p = 2 or 3.
(v) r = 23, p = 2. Remark 1: (i) In the paper [2] , a few optimal locally repairable codes such as 4-ary [18, 11, 2] code with locality 2, 5-ary [24, 17, 3] code with locality 3 etc are found based on various surfaces. The q-ary optimal locally repairable codes given in [2] have length around q 2 , but small distance d and locality r such as d = 3 and r = 2, 3, 4. The optimal codes in this paper have length slightly bigger than q + 1. However, the minimum distance of our code can be linear in length and locality can be as large as 23. (ii) Although we only state the result for codes over F q a with an even integer a, the construction in this paper also applies to the case where a is odd. (iii) The conditions p ≡ 3 (mod 4) and p ≡ 2 (mod 3) in (i) and (ii) of Theorem 2 are proposed in order to find explicit maximal elliptic curves.
C. Organization of the Paper
In Section 2, we introduce some preliminaries for this paper such as definition of locally repairable codes, elliptic curves over finite fields, field extensions, algebraic geometry codes, etc. In Section 3, we present explicit constructions of maximal/minimal elliptic curves with automorphism groups determined. In the last section, we give explicit constructions of optimal locally repairable codes from elliptic curves given in Section 3. In addition, we will prove our main results, namely Theorems 1 and 2 in the last section.
II. PRELIMINARIES
In this section, we present some preliminaries on locally repairable codes, elliptic curves over finite fields, field extensions, algebraic geometry codes, etc.
A. Locally Repairable Codes
Informally speaking, a block code is said with locality r if every coordinate of a given codeword can be recovered by accessing at most r other coordinates of this codeword. The formal definition of a locally repairable code with locality r is given as follows.
Definition 1: Let C ⊆ F n q be a q-ary block code of length n. For each α ∈ F q and i ∈ {1, 2, . . . , n}, define C(i, α) := {c = (c 1 , . . . , c n ) ∈ C| c i = α}. For a subset I ⊆ {1, 2, . . . , n}\{i }, we denote by C I (i, α) the projection of C(i, α) on I . Then C is called a locally repairable code with locality r if, for every i ∈ {1, 2, . . . , n}, there exists a subset
Apart from the usual parameters: length, rate and minimum distance, the locality of a locally repairable code plays a crucial role. In this paper, we always consider locally repairable codes that are linear over F q . Thus, a q-ary locally repairable code of length n, dimension k, minimum distance d and locality r is said to be an [n, k, d] q -locally repairable code with locality r .
If we ignore the minimum distance of a q-ary locally repairable code, then there is a constraint on the rate [4] , namely, k n r r + 1 .
In this paper, the minimum distance of a locally repairable code is taken into consideration and we always refer an optimal code to a code achieving the bound (1) . For an [n, k, d]-linear code, k information symbols can recover the whole codeword. Thus, the locality r is usually upper bounded by k. If we allow r = k, i.e., there is no constraint on locality, then the bound (1) becomes the usual Singleton bound that shows constraint on n, k and d only. The other extreme case is that the locality r is 1. In this case, the locally repairable code is a repetition code by repeating each symbol twice and the bound (1) becomes d(C) n − 2k + 2 which shows the Singleton bound for repetition codes.
B. Elliptic Curves Over Finite Fields
By a curve, we will always mean a projective, smooth and absolutely irreducible algebraic curve. An elliptic curve E over F q is defined by a nonsingular Weierstrass equation
where a i are elements of F q . An elliptic curve over F q is also denoted by a pair (E, O), where E is the curve defined by the above Weierstrass equation (3), and O is the common pole of x and y which is called the point at infinity of E. The genus of E is 1. Denote by E := F q (E) and E(F q ) the function field of E and the set of F q -rational points, respectively. Then the function field E is given by E = F q (x, y), where x and y satisfy the above Weierstrass equation (3) . The set E(F q ) consists of O and the solutions (a, b) ∈ F 2 q to the Weierstrass equation (3) and forms an abelian group with O as the zero element. There is a one-to-one correspondence between F q -rational points of the elliptic curve E/F q and rational places of its function field E/F q . The rational point (a, b) corresponds to the unique common zero of x − a and y − b.
Let E/F q be the elliptic function field defined as above. Let P E be the set of all places of E and P 1 E = {P ∈ P E : deg(P) = 1} be the set of rational places of E. Then we can identify P 1 E with E(F q ). This means that P 1 E is also an abelian group. The divisor group of E/F q is defined as the free abelian group generated by P E and is denoted by Div(E). The set of divisors of degree 0 forms a subgroup of Div(E), denoted by Div 0 (E). Two divisors A and B in Div(E) are called equivalent if there exist z ∈ E * such that A = B + (z), and we denote this by A ∼ B. The set of principal divisors
is called the group of principal divisors of E/F q . It is a subgroup of Div 0 (E). The factor group
is called the group of divisor classes of degree zero of E/F q .
Then there is a group isomorphism between P 1 E = E(F q ) and Cl 0 (E) given by.
:
The group operation of P 1 E is denoted by ⊕ and the place O is the zero element of the group P 1 E . Thus, the following holds true for any P, Q, R ∈ P 1 E :
The following lemma says that two distinct points can not be equivalent to each other due to isomorphism between P 1 E = E(F q ) and Cl 0 (E). Lemma 3: Let E/F q be an elliptic curve with function field E = F q (E) and let P, Q be two rational places of E. Then
The following lemma gives an upper bound on the size of E(F q ). It is called the Hasse-Weil bound [12, Ch. 5, Th. 1.1].
Lemma 4: Let E/F q be an elliptic curve defined over a finite field. Then
If the number |E(F q )| of the rational places of E attains the upper bound 1
respectively), then E is called a maximal elliptic curve over F q (or a minimal elliptic curve over F q , respectively). Note that in this case q must be square of a prime power. The zeta function of E/F q is defined to be the following power series
where E(F q n ) stands for the set of F q n -rational points of E. The zeta function of E is a simple rational function [12, Ch. 5, Sec. 2, ].
.
It is easy to see that E/F q is maximal (or minimal, respec-
C. Extension Theory of Function Fields
Let E/F q be a function field with the full constant field F q . Let P E denote the set of places of E and let g(E) denote the genus of E. Let F be a subfield of E with the same full constant field F q such that E/F is separable. Then the Hurwitz genus formula [13, Th. 3.4.13] yields (5) where Diff(E/F) stands for the different of E/F. Let Aut(E/F q ) be the automorphism group of the function field E over F q , that is,
Now we consider the group action of the automorphism group Aut(E/F q ) on the set of places P E . For any automorphism σ ∈ Aut(E/F q ) and any place P ∈ P E , then σ (P) = {σ (z) : z ∈ P} is a place of E as well. Let G be a subgroup of Aut(E/F q ). The fixed subfield of E with respect to G is defined by
From the Galois theory, E/E G is a Galois extension with Gal(E/E G ) = G. For any place P ∈ P E , the place P ∩ E G is splitting completely in E if and only if σ (P) are pairwise distinct for all automorphisms σ ∈ G.
Lemma 6: Let E/F q be an elliptic curve with function field E = F q (E). Let F be a subfield of E such that E/F is a finite separable extension and there is a place Q of E with ramification index e Q > 1. Then F is a rational function field.
Proof: Let d Q be the different exponent of Q. Then d Q e Q −1 1 from Dedekind's Different Theorem [13, Th. 3.5.1]. By the Hurwitz genus formula (5), we have
This forces that g(F) = 0, i.e, F is a rational function field.
D. Automorphism Groups of Elliptic Curves
Consider the Weierstrass equation (3).
. Then the quantity defined by
is called the discriminate of the Weierstrass equation (3). Then the Weierstrass equation (3) is nonsingular if and only if = 0. In this case, it defines an elliptic curve E over F q . Furthermore, let We denote by Aut(E) the set of automorphisms of E over the algebraic closureF q , i.e., the automorphism group Aut(E/F q ). Then every automorphism σ ∈ Aut(E) fixes the zero point O. Let Aut(E/F q ) the subgroup of Aut(E/F q ) in which every automorphism is defined over F q . The following result can be found in [12, Th. III.10.1].
Lemma 7: Let E/F q be an elliptic curve. Then the order of Aut(E) divides 24. More precisely speaking, the order of Aut(E) is given by the following list:
The following result shows that there are not many ramified places for an elliptic curve.
Lemma 8: Let E/F q be an elliptic curve with function field E = F q (E). Let G be a subgroup of Aut(E/F q ) of E fixing the point O with order |G| = r +1 for a positive integer r . Let F = E G be the fixed subfield of E with respect to G. Then apart from the zero point O, there are at most other r + 2 rational places of E that are ramified in E/F. Proof: The point O is totally ramified in E/F since G is a subgroup of Aut(E/F q ). Assume that P 1 , . . . , P m are m ramified rational places of E in E/F. As O has different exponent at least r + 1 − 1 = r and each P i has different exponent at least 2 −1 = 1, by the Hurwitz genus formula (5), we have
This gives the desired result. We now study certain specific elliptic curves and their automorphism groups.
Lemma 9: Let q be an even power of 2 and let E be an elliptic curve over F q defined by the equation
where u, s, t ∈ F q satisfy u 3 = 1, s 4 + s = 0 and
Lemma 10: Let q be an even power of 3 and let E be an elliptic curve over F q defined by the equation
where u, s ∈ F q satisfy u 4 = 1, s 3 + αs = 0 [12, Appendix A, Proposition 1.2]. This gives 4 solutions (or 12 solutions, respectively) (u, s) ∈ F * q ×F * q if −α is a non-square (or square, respectively). If we denote by σ u,s the automorphism given in (7),
The proof is completed. Lemma 11: Let q be an even power of a prime p with p = 2, 3 and p ≡ 2 (mod 3) and let E be an elliptic curve over F q defined by the equation y 2 = x 3 +α for some α ∈ F * q . Then |Aut(E/F q )| = 6.
Proof: In this case, the j -invariant j (E) is equal to 0. An automorphism σ ∈ Aut(E/F q ) is given by
where u ∈ F * q satisfies u 6 = 1 [12, Th. III.10.1]. This gives 6 solutions in F q since q ≡ 1 (mod 6) in this case. If we denote by σ u the automorphism given in (8), we have
Lemma 12: Let q be an even power of a prime p with p = 2, 3 and p ≡ 3 (mod 4) and let E be an elliptic curve over F q defined by the equation y 2 = x 3 +αx for some α ∈ F * q . Then |Aut(E/F q )| = 4.
Proof: In this case, the j -invariant j (E) is equal to 1728. An automorphism σ ∈ Aut(E/F q ) is given by
where u ∈ F * q satisfies u 4 = 1 [12, Theorem III.10.1]. This gives 4 solutions in F q since q ≡ 1 (mod 4) in this case. If we denote by σ u the automorphism given in (9), we have
The proof is completed.
E. Algebraic Geometry Codes
For the construction of algebraic geometry codes, the reader may refer to [8] , [16] , and [17] for more details. Let F/F q be a function field with the full constant field F q . Let G be a divisor of F. The Riemann-Roch space
is a finite dimensional vector space over F q and its dimen- Then C(P, G) is an [n, k, d]-linear code with dimension k = dim F q L(G) and minimum distance d n −deg(G). If V is a subspace of L(G), we can define a subcode of C(P, G) by
Then the dimension of C(P, V ) is the dimension of the vector space V over F q and the minimum distance of C(P, V ) is still lower bounded by n − deg(G).
III. MAXIMAL AND MINIMAL ELLIPTIC CURVES
In order to construct algebraic geometry codes with good parameters, we usually need function fields over finite fields with many rational places, especially maximal function fields. In this section, we provide explicit maximal elliptic curves which will be used in the latter section.
Lemma 13: Assume that q is a square and E is an elliptic curve over F q .
(i) If E/F q is maximal, then E is maximal over F q s if and only if s is odd. Furthermore, E is minimal over F q s if and only if s is even.
Since E is maximal (or minimal, respectively) over F q s if and only is its zeta function is (1 + q s/2 T ) 2 (or (1 − q s/2 T ) 2 , respectively). The desired result of part (i) follows.
The proof of part (ii) is similar and we skip the detail.
An elliptic curve E/F q is supersingular if its number of F q -rational points is equal 1 + q + t for an integer t divisible by the characteristic of F q . Two elliptic curves over F q are said isogenous if they have the same number of F q -rational points.
Lemma 14: [18, Th. 4.1] The isogeny classes of elliptic curves over F q for q = p a are in one-to-one correspondence with the rational integers t having |t| 2 √ q and satisfying some one of the following conditions:
(i) (t, p) = 1;
(ii) If a is even: t = ±2 √ q; (iii) If a is even and p ≡ 1 (mod 3): t = ± √ q; (iv) If a is odd and p = 2 or 3: t = ±p a+1 2 ;
(v) If either (i) a is odd or (ii) a is even and p ≡ 1 (mod 4) : t = 0.
The first of these is not supersingular; the rest are supersingular.
By making use of Lemma 14 or counting points directly, we provide some examples of maximal elliptic curves with automorphism group determined in this section.
Lemma 15: For any even a, there exists a maximal elliptic curve E over F 2 a defined by an equation y 2 + y = x 3 + γ for some γ ∈ F 2 a such that it has an automorphism group of size 24, i.e., |Aut(E/F p a )| = 24.
Proof: Let q = 2 a . First assume that a ≡ 2 (mod 4). Consider the elliptic curve E defined by y 2 + y = x 3 . It is straightforward to verify that it has 9 = 1 + 4 + 2 √ 4 rational points over F 4 and hence it is maximal over F 4 . Then E is maximal over F 2 a for a ≡ 2 (mod 4) by Lemma 13(i). Now let a ≡ 0 (mod 4). By Lemma 13(i), the elliptic curve E is minimal over F 2 4 . Then E is minimal over F q for a ≡ 0 (mod 4) by Lemma 13(ii). We claim that the twisted curve E defined by y 2 + y +γ = x 3 for any γ ∈ F q \{β 2 +β : β ∈ F q } is maximal. Indeed, let N and N denote the number of F qrational points of E and E , respectively. For any α ∈ F q , it is easy to see that one of y 2 + y = α 3 and y 2 + y + γ = α 3 has no solution and the other one has two solutions. This implies that N + N = 2 + 2q, where the point O at infinity is counted twice. Since E is minimal, we have N = 1 + q − 2 √ q. Hence,
Lemma 16: Let p ≡ 3 (mod 4) be a prime. Then for any even a, there exists a maximal elliptic curve E over F p a defined by an equation y 2 = x 3 + θ 2 x for some θ ∈ F * p a such that |Aut(E/F p a )| = 4 if p = 3; 12 if p = 3.
Proof: Let q = p a . By [12, Ch. V, Example 4.5], the elliptic curve E/F p defined by y 2 = x 3 +x is supersingular. If p = 3, then by Lemma 14(v), E has 1 + p rational points over F p . This implies that the L-polynomial L(E/F p , T ) is equal to 1 + pT 2 
i.e, E is maximal over F p 2 . If p = 3, then it is straightforward to verify that the curve E is maximal over F 9 . Thus, for any prime p with p ≡ 3 (mod 4), the elliptic curve E/F p 2 defined by y 2 = x 3 + x is maximal. By Lemma 13(i), the elliptic curve E/F p a defined by y 2 = x 3 + x is maximal for a ≡ 2 (mod 4). Furthermore, since −1 is a square in F q , by Lemma 10, we have |Aut(E/F q )| = 12 for p = 3. For p = 3, it follows from Lemma 12 that |Aut(E/F q )| = 4.
If a ≡ 0 (mod 4), then by Lemma 13(i) the curve E is minimal over F p a . In a similar way as in the proof of Lemma 15, the twist elliptic curve E 1 given by θ y 2 = x 3 + x for any non-square θ ∈ F q is maximal. By multiplying θ 3 on the both side of the equation and then substituting θ x by x, θ 2 y by y, we get the elliptic curve E 2 defined by y 2 = x 3 + θ 2 x that is isomorphic to E 1 over F q . Hence, it is still maximal over F q . For p = 3, it follows from Lemma 12 that |Aut(E 2 /F q )| = 4. Furthermore, since −1 and θ 2 are squares in F q , by Lemma 10, we have |Aut(E 2 /F q )| = 12 for p = 3.
Lemma 17: Let p = 2 and p ≡ 2 (mod 3) be an odd prime. Then for any even a, there exists a maximal elliptic curve over F p a defined by an equation y 2 = x 3 + θ 3 for some θ ∈ F * p a such that it has an automorphism group of size 6, i.e., |Aut(E/F p a )| = 6.
Proof: Let q = p a . By [12, Ch. V, Example 4.4], the elliptic curve E/F p defined by y 2 = x 3 +1 is supersingular. In the same way as we proved in Lemma 16, one can show that E is maximal over F p 2 . Thus, for any prime p with p ≡ 3 (mod 4), the elliptic curve E/F p 2 defined by y 2 = x 3 + 1 is maximal.
By Lemma 13(i), the elliptic curve E/F p a defined by y 2 = x 3 + 1 is maximal for a ≡ 2 (mod 4). It follows from Lemma 11 that |Aut(E/F q )| = 6.
If a ≡ 0 (mod 4), then by Lemma 13(i) the curve E is minimal over F p a . By using the similar arguments as in the proof of Lemma 15, one can show that the twist elliptic curve E 1 given by θ y 2 = x 3 + 1 for any non-square θ ∈ F * q is maximal. By multiplying θ 3 on the both side of the equation and then substituting θ x by x, θ 2 y by y, we get the elliptic curve E 2 defined by y 2 = x 3 + θ 3 that is isomorphic to E 1 over F q . Hence, it is still maximal over F q . It follows from Lemma 11 that |Aut(E 2 /F q )| = 6.
IV. CONSTRUCTION OF LOCALLY REPAIRABLE CODES VIA ELLIPTIC CURVES

A. A General Construction via Automorphism Groups
Let E/F q be an elliptic curve with function field E. Let Aut(E/F q ) be the automorphism group of E over F q . Let G be a subgroup of Aut(E/F q ) of order r + 1 and let E G be the fixed subfield of E with respect to G. Denote by F the fixed subfield E G . Then E/F is a Galois extension with Galois group Gal(E/F) = G.
Assume that there exist rational places Q 1 , · · · , Q of F which are all splitting completely in E/F. Let P i,1 , P i,2 , · · · , P i,r+1 be the r + 1 rational places of E lying over Q i for each 1 i . Put P = {P i, j : 1 i , 1 j r + 1}. Then the cardinality of P is (r + 1) .
is the genus of F. Let {z 1 , · · · , z t } be a basis of the Riemann-Roch space L(G) over F q . Choose elements w i ∈ E such that w 0 = 1, w 1 , · · · , w r−1 are linearly independent over F and ν P i, j (w l ) 0 for all 1 i , 1 j r + 1 and 0 l r − 1. Consider the set of functions
Proposition 18: [2, Proposition 2] Let i be an integer between 1 and , and suppose that every r × r submatrix of the matrix
Then the value of f ∈ V at any place in the set P i = {P i,1 , P i,2 , · · · , P i,r+1 } can be recovered from the values of f at the other r places of the set P i . Proposition 19: Let P and V be defined as above and satisfy the assumption of Proposition 18. If V is contained in L(G) for a divisor G of E with deg(G) < (r + 1) and supp(G) ∩ {P i,1 , . . . , P i,r+1 } i=1 = ∅, then the algebraic geometry code
is a q-ary [n, k, d]-locally repairable code with locality r , length n = (r + 1), dimension k = rt − (r − 1) and minimum distance d n − deg(G).
Proof: First, it is easy to see that the dimension of V over F q is rt − (r − 1), since w 0 , w 1 , · · · , w r−1 are linearly independent over F and {z 1 , · · · , z t } is a basis of the Riemann-Roch space L(G) over F q . Hence, the dimension of C(P, V ) is k = dim F q V = rt − (r − 1). Every nonzero function f ∈ V ⊆ L(G) has at most deg(G) zeros among {P i,1 , . . . , P i,r+1 } 1 i . Hence, the minimum distance of C(P, V ) is lower bounded by d n − deg(G). Under the assumption that deg(G) < (r + 1) = n, we have d 1. The locality property follows from Proposition 18.
By considering subgroups of the automorphism group Aut(E), we can choose a space V and some rational points such that the assumption of Proposition 18 is satisfied.
Proposition 20: Let E be an elliptic curve defined by the Weierstrass equation (3). Let E = F q (x, y) be the function field F q (E). Let G be a subgroup of Aut(E/F q ) with order |G| = r + 1 = 2s for a positive integer s 2 and r < q. Furthermore, we assume that the set {σ (x) : σ ∈ G} has size s. Let F = E G be the fixed subfield of E with respect to G. Then (i) there exists an element z ∈ E satisfying that F = F q (z) and deg(z) ∞ = r + 1; and elements w 0 = 1, w 1 , · · · , w r−1 of E that are linearly independent over F; (ii) suppose that for some 1 there exist P i,1 , P i,2 , . . . , P i,r+1 pairwise distinct rational places lying over the same place of F for each
Proof: Let σ 1 = 1, σ 2 , · · · , σ s be the automorphisms of G with the pairwise distinct σ i (x). Let σ s+ j be the automorphisms of G with σ j (x) = σ s+ j (x) for 1 j s. Let P be a rational place of E corresponding to the rational point (a, b) such that σ (P) are pairwise distinct for all σ ∈ G, i.e., P ∩ F is splitting completely in E and P i = σ i (P) for 1 i r +1.
Then for any σ ∈ G we have σ (z) = z and we conclude z ∈ F. Furthermore, the principal divisor of z is
Hence, we obtain deg(z) 0 = r + 1 = [E : F] and F = F q (z) by [13, Th. 1.4.11]. As (P 1 + P 2 ) = 2 and (P i ) = 1 for i = 1, 2 from Riemann's Theorem, there exists an element w 1 ∈ L(P 1 + P 2 ) \ F q such that (w 1 ) ∞ = P 1 + P 2 . For each 2 i r − 1, the set ∪ i+1 j =1 L( i+1 u=1 P u − P j ) has size at most (i + 1)q i that is less than q i+1 = |L( i+1 u=1 P u )|. This implies that there exists an element w i ∈ E such that (w i ) ∞ = P 1 + P 2 + · · · + P i+1 . We claim that w 0 = 1, w 1 , · · · , w r−1 are linearly independent over F q (z). Suppose that w 0 , w 1 , · · · , w r−1 are linearly dependent over F q (z), i.e., there exist functions a 0 (z), a 1 (z), . . . , a r−1 (z) that are not all zero such that r−1 i=0 a i (z)w i = 0. By multiplying a common nonzero polynomial in F q [z], we may assume that every a i (z) is a polynomial of F q [z]. Let 0 s r − 1 be the largest integer such that a s (z) has the largest degree, i.e., deg(a s (z)) = max{deg(a i (z))} r−1 i=0 and deg(a s (z)) > max{deg(a s+1 (z)), . . . , deg(a r−1 (z))}, where the degree of the zero polynomial is defined to be −∞. Thus, for i < s, we have
For i > s, we have
It is a contradiction since −a s (z)w s = 0 i r−1,i =s a i (z)w i . Let P i,1 , · · · , P i,r+1 be pairwise distinct rational places where P i, j = P k for 1 j, k r + 1. Suppose that they lie over the same rational place Q i of F corresponding to the function z − β i for some β i ∈ F q , we claim that every r × r submatrix of the matrix
is invertible. Without loss of generality, we may consider the first r rows. Suppose that
Then we have (c 0 + c 1 w 1 + · · · + c r−1 w r−1 )(P i, j ) = 0 for all 1 j r and hence c 0 + c 1 w 1 + · · · + c r−1 w r−1 ∈ L(P 1 + · · ·+ P r − P i,1 − · · ·− P i,r ). Thus, the principal divisor of c 0 + c 1 w 1 + · · · + c r−1 w r−1 is
As the places P i,1 , · · · , P i,r lie over the same rational place of z − β i , the x-coordinate of P i, j for 1 j r correspond to the zeros of
Let α 1 , α 2 , · · · , α s ∈ F q be pairwise distinct roots of the above equation. After rearranging order of the places P i, j for 1 j r , we may assume that (x − α j ) = P i,2 j −1 + P i,2 j − 2O for 1 j s − 1.
Since we have P j + P s+ j −2O = (σ j (x)−a) for 1 j s−1, then
This is a contradiction by Lemma 3.
With the above preparation, we can now state a result on locally repairable codes from elliptic curves.
Proposition 21: Let E be an elliptic curve with N rational points defined by the Weierstrass equation (3) . Let E be the function field F q (E). Let G be a subgroup of Aut(E/F q ) with order |G| = r + 1 = 2s for a positive integer s 2 and r < q. Furthermore, we assume that the set {σ (x) : σ ∈ G} has size s. Then there exists an optimal q-ary [n = (r + 1), k = rt − r + 1, d = n − (t − 1)(r + 1)] locally repairable code with locality r for any 1 N−2r−4 r+1 and 1 t .
Proof: Let F = E G be the fixed subfield of E with respect to G. Let z ∈ F and w 0 , w 1 , . . . , w r−1 ∈ E be elements given in Proposition 20. By Lemma 8, there are at most r + 3 rational places (including O) in total that are ramified in E/F. Except for all ramified places, all other rational places of E are splitting completely in E/F. By our assumption, we can find sets {P i,1 , . . . , P i,r+1 } i=1 that do not intersect with ramified points and r + 1 poles of z. Put z i = z i−1 for i = 1, 2, . . . , t and consider the set V of functions given in (12) . Let G = (t − 1)(z) ∞ = (t − 1)(P 1 + · · · + P r+1 ) be a divisor of E, where P 1 , P 2 , . . . , P r+1 are r +1 poles of z given in the proof of Proposition 20. Then V is a subspace of L(G). By Proposition 19, the algebraic geometry code C(P, V ) is an [n = (r + 1), k = rt − r + 1, d n − (t − 1)(r + 1)] locally repairable codes with locality r . On the other hand, by the Singleton-type bound (1),
This implies that C(P, V ) is optimal and the desired result follows. Remark 2: By modifying algebraic geometry codes, we can include the poles of z in the set of evaluation points (see the details in [7, Secs. 2 and 3]). Thus, in Proposition 21 can take values up to
Since we consider subgroups of Aut(E), the locality r can only take one of values 1, 2, 3, 5, 7, 11, 23. Locality 1 is a trivial case. Let us start with locality 2.
B. Locality r = 2
As Proposition 21 requires that r + 1 be an even number, i.e., r is odd, we need a different construction for the case where the locality r = 2.
Proposition 22: Let E/F q be an elliptic curve with function field E = F q (E). Assume that Aut(E/F q ) contains a subgroup G of order 3. Let F be the subfield of E with Gal(E/F) = G. Assume that there are rational places of F that split completely in E/F. Then for any t with 0 t < , there exists a q-ary [n = 3, k = 2t + 1, d = n − 3t] locally repairable code with locality 2.
Proof: Let O be the infinity point of E. Then O is totally ramified in E/F and hence F is a rational function field by Lemma 6. Let O be the unique place of F that lies under O.
Choose z in F such that (z) ∞ = O as a divisor of F (this is possible as F is a rational function field). Then (z) ∞ = 3O as a divisor of E. Choose x ∈ E such that (x) ∞ = 2O.
Consider the F q -space V t defined by
It is clear that V t is a subspace of the Riemann-Roch space
x is the zero function and one of f 0 (z) and f 1 (z) is not the zero polynomial. Then both polynomials must be nonzero.
This is a contradiction and it implies that dim F q V t = 2t + 1.
be n rational places of E such that, for each i , the three places P i1 , P i2 , P i3 lie over the same rational place of F. Define the algebraic geometry code
Then the dimension of the code C t is k = 2t + 1 and the minimum distance d is at least n −3t > 0 as f ∈ L(3t O). The Singleton-type bound (1) of locally repairable codes shows that d n − k − k 2 + 2 = n − (2t + 1) − (t + 1) + 2 = n − 3t. Hence, the code C t is an optimal q-ary [3, 2t + 1, 3 − 3t]locally repairable code with locality 2.
Proof of Theorem 1: Let q = p a for a prime p and an even number a > 0. If p = 3 or p ≡ 2 (mod 3), then there exists an optimal q-ary [n = 3, k = 2t +1, d = n−3t] locally repairable code with locality 2 for any 0 t < q+2 √ q 3
. Proof: If p = 2, then by Lemma 15, there exists a maximal elliptic curve E defined by (i) y 2 + y = x 3 for a ≡ 2 (mod 4); or (ii) y 2 + y = x 3 + γ for a ≡ 0 (mod 4) and some γ ∈ F q \ {α 2 + α : α ∈ F q } with |Aut(E/F q )| = 24. Furthermore, the automorphism σ u,0,0 given by σ u,0,0 (x) = u 2 x and σ u,0,0 (y) = y for a 3rd primitive root of unity u in F q generates a cyclic group G of order 3. Let F = E G = F q (y), where E = F q (E) is the function field of E. The infinity point O is a totally ramified point with respect to the extension E/F.
In addition, for a ≡ 2 (mod 4), the point (0, 0) and (0, 1) are also totally ramified since σ u,0,0 (0, 0) = (0, 0) and σ u,0,0 (0, 1) = (0, 1). Thus, the other q + 2 √ q − 2 rational points in E come from rational places in F that are splitting completely in the extension E/F. By Proposition 22, there exists an optimal q-ary [n = 3, k = 2t +1, d = n−3t] locally repairable code with locality 2 for any 0 t < q+2 √ q− 2 3 . Note that in this case we have
For a ≡ 0 (mod 4), the curve is given by y 2 + y = x 3 + γ . In this case, the point (0, α) and (0, β) are totally ramified for some α, β ∈F q \ F q . Thus, there are q + 2 √ q rational points that split completely in E/F. By Proposition 22, there exists an optimal q-ary [n = 3, k = 2t + 1, d = n − 3t] locally repairable code with locality 2 for any 1 t < q+2 √ q 3 . Note that in this case we have
. If p = 3, then by Lemma 16, there exists a maximal elliptic curve E defined by y 2 = x 3 + θ 2 x for some θ ∈ F * q with |Aut(E/F q )| = 12. In particular, G := {σ 1,s : s ∈ F q , s 3 + θ 2 s = 0} is a group of order 3, where σ 1,s given by σ 1,s (x) = x + s and σ 1,s (y) = y. Let F = E G , where E = F q (E) is the function field of E. Then the infinity point O is the unique totally ramified point with respect to the extension E/F. Thus, the other q + 2 √ q splits completely in E/F. By Proposition 22, there exists an optimal q-ary [n = 3, k = 2t + 1, d = n − 3t] locally repairable code with locality 2 for any 0 t < q+2 √ q 3 . Note that in this case we have
Finally, assume that p = 2, 3. By Lemma 17, the elliptic curve E/F q defined by y 2 = x 3 + θ 2 for some θ ∈ F * q is maximal with |Aut(E/F q )| = 6. Then the automorphism σ u given by σ u (x) = u 2 x and σ u (y) = u 3 y = y for a 3rd primitive root of unity u in F q generates a cyclic group G of order 3. Let F = E G , where E = F q (E) is the function field of E. The infinity point O is a totally ramified point with respect to the extension E/F. In addition, the point (0, θ) and (0, −θ) are also totally ramified since σ u (0, θ) = (0, θ) and σ u (0, −θ) = (0, −θ). Thus, the other q + 2 √ q − 2 rational points split completely in E/F. By Proposition 22, there exists an optimal q-ary [n = 3, k = 2t + 1, d = n − 3t] locally repairable code with locality 2 for any 0 t < q+2 √ q− 2 3 . Note that in this case we have
. This completes the proof.
Example 23: Let q = 4 and F 4 = F 2 (α) with α 2 + α + 1 = 0. We give an explicit construction of an optimal 4-ary [6,3,3]-locally repairable code with locality 2. Let E be the rational function field F 4 (x, y) with y 2 + y = x 3 and let F = F 4 (y). Then (y) ∞ = 3O and (x) ∞ = 2O. It is easy to verify that P 1 = (1, α), P 2 = (α, α), P 3 = (α +1, α) are lying over the same rational place P y−α of F, and P 4 = (1, α + 1), P 5 = (α, α + 1), P 6 = (α + 1, α + 1) are lying over the same rational place P y−α−1 of F. Put V := {a 0 + a 1 y + b 0 x : a 0 , a 1 , b 0 ∈ F 4 } .
Then the algebraic geometry code C(P, V ) = {( f (P 1 ), f (P 2 ), f (P 3 ), f (P 4 ), f (P 5 ), f (P 6 )) : f ∈ V } is an optimal 4-ary [6, 3, 3]-locally repairable code with locality 2. Furthermore, a generator matrix of this code is computed as follows: ⎛ ⎝ 1 1
Example 24: Let q = 64. By Theorem 1, for any integers t and with 0 t < 26, there exists an optimal 64-ary [3, 2t + 1, 3 − 3t]-locally repairable code with locality 2. In particular, for each integer t with 1 t 25, there exists an optimal 64-ary [78, 2t + 1, 78 − 3t]-locally repairable code with locality 2.
Example 25: Let q = 81. By Theorem 1, for any integers t and with 0 t < 33, there exists an optimal 81-ary [3, 2t + 1, 3 − 3t]-locally repairable code with locality 2. In particular, for each integer t with 1 t 32, there exists an optimal 64-ary [99, 2t + 1, 99 − 3t]-locally repairable code with locality 2.
Example 26: Let q = 25. By Theorem 1, for any integers t and with 0 t < 11, there exists an optimal 25-ary [3, 2t + 1, 3 − 3t]-locally repairable code with locality 2. In particular, for each integer t with 1 t 10, there exists an optimal 25-ary [33, 2t + 1, 33 − 3t]-locally repairable code with locality 2. Now, we make use of Proposition 21 to get locally repairable codes of an odd locality r .
C. Locality r = 3, 5, 7, 11 or 23
The main purpose of this subsection is to prove Theorem 2.
Proof of Theorem 2:
Proof: We prove part (i) only. The similar arguments can be applied to other cases. By Proposition 21 and Remark 2, it is sufficient to show that there exists a maximal elliptic curve E/F q defined by the Weierstrass equation (3) and a subgroup G of Aut(E/F q ) such that |G| = 4 and the cardinality of the set {σ (x) : σ ∈ G} is 2.
If p = 2, by Lemma 15, there exists a maximal elliptic curve E/F q defined by y 2 + y = x 3 + α for some α ∈ F q with |Aut(E/F q )| = 24. Then G := {σ 1,s,t : s ∈ F 2 , t ∈ F 4 , t 2 + t = s} is a subgroup of Aut(E/F q ) of order 4, where Example 27: Let q = 64. Consider the elliptic curve over F 64 defined by the equation y 2 + y = x 3 . It is maximal with 81 rational points over F 64 . Consider the subgroup G of Aut(E/F 64 ) given by G := {σ 1,s,t : s ∈ F 2 , t ∈ F 4 , t 2 + t = s}. Then O is the unique ramified point and all other 80 rational points split completely. These 80 points can be taken as evaluation points and we get an optimal 64-ary [3, 3t + 2, 3 − 4(t − 1)]-locally repairable code with locality 3 for all 1 t < 20. In particular, for each integer t with 1 t 20, there exists an optimal 64-ary [80, 3t+2, 80−4(t−1)]-locally repairable code with locality 3. For this example, can achieve 20, while in Theorem 2, is upper bounded by q+2 √ q−r−2 r = 18.
